contained 0.0024 jig of OspA and 0.0015 ,ug of OspB. Both BAg and Ag caused blastogenesis in cultures of spleen cells from both groups of mice, but BAg-stimulated lymphocytes exhibited significantly greater (P c 0.05) blastogenesis after 2 or 6 days of culture than did lymphocytes stimulated by Ag or medium control. Flow cytometry and antibody capture enzyme-linked immunosorbent assays identified responding lymphocytes as B cells which secreted polyclonal immunoglobulin M (IgM) but not IgG or IgA. Treatment of BAg and lipopolysaccharide controls with polymyxin B resulted in as much as 20.7 and 54.3% mean decreases in blastogenesis, respectively. Fractionation of BAg or Ag by ultracentrifugation before culture with spleen cells from naive mice indicated that B-cell blastogenesis was probably associated with spirochetal membranes. The results of this study demonstrate that specific humoral responses are directed towards extracellular membrane blebs which lack the 83-, 60-, and 41-kDa antigens of intact spirochetes and that blebs also possess significant nonspecific mitogenic activity for murine B cells. This activity was not due entirely to typical lipopolysaccharide or OspA and OspB lipoproteins.
Since Borrelia burgdorferi was first reported to be the etiologic agent of Lyme disease in 1982 (10) , substantial efforts have been made to characterize host immune responses towards the spirochete (see reference 36 for a review). For example, antigen-specific T-cell responses have been demonstrated in infected hosts, and several investigators have been successful in cloning reactive T cells from Lyme disease patients (13, 28, 30, 40) . Analysis of cytokine production by these T-cell clones indicated that they were of the T-helper type 1 cell lineage (40) . Furthermore, infection generally results in production of specific immunoglobulins. This has led to the identification of several spirochetal immunogens and to the use of immunoglobulin-based assays for diagnostic tests (10, 11, 13, 34) .
Nonspecific host responses to infection by the spirochete may also be important factors in Lyme disease. Habicht et al. (20) reported on the ability of B. burgdorferi to induce interleukin-1 production by cultured human and murine mononuclear phagocytes. A similar study has shown that tumor necrosis factor alpha is elaborated in vitro by human and murine adherent cells upon exposure to the spirochete as well (15) . Elevated levels of interleukin-1 and tumor necrosis factor alpha were found in the synovial fluid of Lyme disease patients (4, 15) . Since interleukin-1 and tumor necrosis factor alpha function as mediators of inflammation, these cytokines might contribute to the symptoms of Lyme disease. Additionally, nonspecific mitogenesis of B cells in patients with Lyme disease has been reported (32) . Beck et al. (6) described a lipopolysaccharide (LPS) from the Lyme spirochete which could induce polyclonal B-cell activation, * Corresponding author. but other workers failed to confirm the presence of lipid A in B. burgdorferi (37) . These data suggested that the spirochete is devoid of the type of LPS that is typically associated with gram-negative bacteria (37) . Recently, sonicated preparations of B. burgdorferi were reported to cause mitogenesis of B cells from naive mice even after exposure of the preparations to polymyxin B (29) . This observation also indicates that typical LPS is not responsible for B-cell mitogenesis in these preparations (29) .
To understand immunity to Lyme disease, we became interested in host responses to extracellular membranebound vesicles of B. burgdorfen. Extracellular membranebound vesicles, or blebs, are spirochetal structures which are shed from the surface of the spirochete (19) . Blebs have been reported to possess an 83-kDa multiprotein complex, and polyclonal rabbit antiserum raised against blebs or the multiprotein complex was capable of capturing sequestered spirochetal antigens from host tissues (17, 18) . Sequestered antigens might stimulate protective, autoreactive, or nonspecific immune responses and therefore play a role in the pathogenesis of the disease. In the present study, we compare specific and nonspecific B-cell responses to blebs and whole-spirochete sonicates of B. burgdorferi in the murine model, demonstrate that bleb-induced mitogenesis is significantly greater than that caused by whole spirochetes, and suggest that B-cell mitogenesis is associated with spirochetal membranes with little typical LPS.
MATERIALS AND METHODS
Bacteria and antigen preparations. Low-passage (P6 to P8) strain Sh-2-82 of B. burgdorferi, which originated from adult Ixodes dammini ticks (Shelter Island, N.Y.), was grown in 500-ml bottles of BSK II culture medium (2) at 34°C until a slight acid color change of the medium was evident. Spirochetes and membrane blebs were obtained from these cultures as described elsewhere (19) . Briefly, spirochetes were isolated from the medium after centrifugation at 10,400 x g for 30 min at 25°C. These (28) . The level of significant difference was at P c 0.05 in all cases.
Fluorescence-activated cytometric analysis. ,ug of polymyxin B sulfate (Sigma Chemical Co., St. Louis, Mo.) per ml for 20 min at room temperature. Polymyxin B-treated and untreated RPMI, BAg, and LPS were then used to stimulate spleen cells from naive mice for 2 days in order to determine the effect of polymyxin B treatment on lymphocyte blastogenesis. The mean SI was calculated for triplicate cultures of each preparation. Results are given as mean percent decrease in blastogenesis + SEM for polymyxin B-treated preparations compared with corresponding untreated (control) preparations. 5 min. Solubilized preparations as well as pre-or unstained molecular size standards (Bio-Rad Laboratories, Richmond, Calif.) were subjected to SDS-polyacrylamide gel electrophoresis in 12% polyacrylamide slab gels with a Mini Protean II gel apparatus (Bio-Rad) and the discontinuous buffer system described by Laemmli (24 (Fig. 1) . A protein band that corresponds to flagellin was detected in Ag but not BAg (Fig.  1, single arrow) . However, OspB and OspA were present in both preparations (Fig. 1, single and double asterisks, respectively), as was a protein band of 23 kDa (Fig. 1, double  arrow) . The identities of OspA, OspB, and flagellin were confirmed by immunoblots with monoclonal antibodies 5332, 5TS, and H9724 (data not shown). Scanning of these protein profiles by laser densitometry revealed that OspA and OspB constituted 5.1 and 6.3%, respectively, of the Ag profile but only 2.4 and 1.5%, respectively, of the BAg profile (Fig. 1) (Fig. 1) . The most prominent high-molecular-weight band in BAg and MC represents bovine serum albumin, which was a component of BSK II medium (Fig. 1) Fig. 2 . The spirochete-specific antibody reactivities to antigens of Ag and BAg were remarkably similar and included reactivity to OspB and OspA (single and double asterisks, respectively), a 23-kDa protein (double arrow), and others that were present in both preparations (Fig. 2) . Reactivity with spirochete-specific antibody to flagellin (single arrow) and major antigens of approximately 83 and 60 kDa were found with Ag alone (Fig. 2) . Monoclonal antibody H9724 against flagellin reacted to immunoblots of Ag but not BAg (data not shown). Normal serum did not react to immunoblots of Ag, and the reactivity of normal serum to BAg was minimal, with only a small degree of nonspecificity being evident in the highmolecular-weight region of the immunoblot (Fig. 2) . The reactivity of murine immune serum was confined to a single band in the high-molecular-weight nonspecific region on immunoblots of MC (Fig. 2) .
Lymphocytes in spleen cultures from naive and infected mice demonstrated significant blastogenic responses to Ag and BAg in the LBA at 6 days after culture initiation (Fig. 3) . INFECT Fig. 3 ).
Time course experiments over 2-day intervals beginning 2 days after culture initiation of spleen cells from naive mice revealed that blastogenic responses to Ag or BAg after 2 days were similar to or greater than blastogenic responses at 4 or 6 days (data not shown). Figure 4 illustrates the results of the LBA with spleen cells from naive mice following exposure to several concentrations of Ag or BAg for 2 days. Blastogenesis by these lymphocytes demonstrated a typical concentration-dependent response. However, the responses elicited by BAg became significantly greater than those by Ag at 100 ,ug per well and remained greater with increasing concentrations of either preparation (Fig. 4) response of lymphocytes stimulated by LPS (Table 2) . Polymyxin B had no effect on unstimulated control cultures.
Treatment of BAg-stimulated spleen lymphocytes with monoclonal antibodies directed against Thy-1.2 or B220 (murine pan-T-cell and mature and immature murine B-cell markers, respectively) in conjunction with fluorescenceactivated cytometric analysis revealed that responding lymphocytes were of the B-cell lineage (Fig. 5) . DISCUSSION The pathogenesis of Lyme disease appears to be a complicated process, and it has been suggested that nonspecific as well as specific host cell responses may account for the tissue injury that is observed in Lyme disease patients (31, 36) . In recent reports, sonicated or whole spirochetes of B. burgdorferi were shown to cause nonspecific, in vitro mitogenesis of B cells from several strains of mice, including endotoxin-sensitive C3H/HeN and endotoxin-resistant (LPS-nonresponsive) C3H/HeJ mice (16, 29) . Furthermore, it was shown that polymyxin B had little effect on mitogenesis caused by sonicated spirochetes (29) . Polymyxin B binds to the lipid A portion of typical LPS and decreases its ability to cause blastogenesis (26) . These data suggest that typical bacterial LPS was not responsible for the mitogenic activity caused by sonicated or whole spirochetes (16, 29) .
In the present study, our original intent was to examine antigen-specific responses to the spirochete by lymphocytes from infected mice. However, we found that exposure to BAg or Ag results in significant blastogenesis by spleen lymphocytes from naive and infected mice after 6 days of culture. This indicates that the blastogenic response that was induced by these preparations did not require prior immunization and was therefore mitogenic in nature (7) . The fact that blastogenic responses by spleen lymphocytes from naive mice were maximal following 2 days of culture further demonstrates the mitogenic effects of BAg and Ag (7) . Differences in the number of B cells in spleen cell preparations may be the reason for different levels of BAg-or Ag-induced blastogenesis between naive and infected mice. These results, along with fluorescence-activated cytometric analysis of BAg-stimulated spleen cells from naive animals, not only confirm the reported ability of sonicated spirochetes to cause mitogenesis of murine B cells (29) , but demonstrate that greater B-cell mitogenic activity resides in BAg than in spirochete sonicates of B. burgdorferi. Since the PBS and RPMI solutions were made with pyrogen-reduced water, it is unlikely that endotoxin contamination was responsible for the mitogenic activity that was induced by Ag or BAg. Calculation of the SI also cancels out any mitogenic activity that might be present in RPMI alone. (39) . This protein also appears to be associated with the outer membrane of the spirochete (23 (9, 20) . Further characterization of the 83-kDa antigen revealed that the actual size of the antigen was 79.8 kDa, based on amino acid sequencing (27) . The 83-kDa antigen described in the present study is most likely the same as the previously described 79.8-kDa antigen. The 60-kDa antigen has been described as an immunodominant antigen that is found in remotely related bacteria (21) . The fact that the 83-and 60-kDa antigens are missing in BAg may indicate that these antigens are not associated with spirochetal membranes. Similarly, reactivity to the flagellin band at 41 kDa (3) would not be expected in BAg, since endoflagella would remain with intact spirochetes. The lack of flagellin in BAg is consistent with results described by Dorward et al. (18) . In any event, the 83-, 60-, and 41-kDa antigens serve as negative markers for BAg, and lack of the 41-kDa antigen is evidence for the absence of whole spirochetes in BAg. Other immunoreactive antigens that are common to Ag and BAg include OspA, OspB, and the 23-kDa antigen. The immune serum raised in the present study did not react with the previously described 83-kDa multiprotein complex of blebs on immunoblots (18) .
The ability of BAg to cause production of IgM with both light chains (polyclonal) is consistent with a B-cell mitogenic response that is T-cell independent (1). Similar in vitro generation of IgM from murine B cells stimulated with sonicated spirochetes, whole spirochetes, or recombinant OspA and OspB has been described in previous studies as well (16, 29) . However the generation of IgG from stimulated B-cells is also described in one of these reports (16) . Although the subclass of IgG was not distinguished in that study (16) , T-cell-independent B-cell mitogens such as LPS are known to cause secretion of IgG3 in addition to IgM from murine B cells but not switching to other isotypes of immunoglobulin (1) . Differences in the strain of mice or preparations used in the present study may account for the lack of IgG secretion described in the previous report.
Since antigens contained within spirochetal blebs have been observed in the tissues of infected hosts (18) , and specific as well as nonspecific host responses are directed towards these blebs, it is interesting to speculate that blebs may be associated with the pathogenesis of Lyme disease.
For example, it has been suggested that elevated total IgM levels correlate with neurologic, cardiac, or joint involvement (35) . Furthermore, increased levels of IgM in Lyme disease patients has been shown to be a result of B-cell hyperactivity, which is caused by both antigenic and mitogenic stimulation of B cells (32) . Some patients possess serum agglutinins which agglutinate heterologous erythrocytes as well (32) . It is conceivable that spirochetal blebs in host tissues play a role in these phenomena, which may result in the production of immune complexes or autoreactive immunoglobulins. Whether blebs of B. burgdorferi possess mitogenic activity for human B cells as they do for murine B cells remains to be determined. 
